Abstract
Introduction
From the standpoint of soccer robot systems, a soccer game is a good example of the problems in real world, which can be moderately abstracted. We have chosen soccer as one of the standard problems for the study on soccer robot systems. Robotic soccer is an active research domain in Artificial Intelligence (AI) and robotics research [1, 2] .
The robotic soccer provides a good test bed for evaluation of various theories, algorithms, and intelligent system architectures. Through the research for accomplishing this task, a number of technical breakthroughs for AI and robotics are expected to be solved. So far, various problems have been solved with new theories and algorithms for controlling [3] , planning and so on.
Additionally, it is an attempted to foster AI and intelligent robotics research by providing a standard range of technologies that can be integrated and examined. Generally, contemporary robotic systems involved large amounts of expensive, special purpose hardware for motor control system, velocity control, position control and local information sensing [4] . A fundamental ability of an autonomous soccer robot is to plan collision-free trajectories from a start to a goal position among a collection of stationary/ moving obstacles. This paper describes a vision based autonomous mobile robot and its control structure, which can be easily operated. The important features of this soccer robot system are that this platform consists of driving, visual sensing, sensors, motor control, communication and decision behaviors. The last characteristics is essential in the system to perform well when using it under unfavorable situation.
To evaluate the developed system, some behaviors for playing soccer and visual segmentation method and tracking algorithms based on color information have been implemented.
System Specification
The control structure of this system was designed in such a way that simplifies its usage not only in a variety of task but also on different hardware platforms.
The robotic soccer, which has been designed is much simpler than the complex and expensive autonomous soccer robot but still it has the entire standard components and functionality in order to fulfill the research assumption data and learning outcomes. In this system, the robot has its own driving mechanism, communication part and a microcontroller board. The computational part controls robot's velocity according to the command data received from a host computer. All calculations of vision data processing, strategies, position control of robot and so on are done in the host computer.
Design Architecture of Soccer Robot
The design philosophy is to realize autonomous soccer robot with various functions, so that they can be used not only in soccer game but also in a lot of other applications as well. The designed soccer robot has body frames and CMOS-type devices are used to power consumption. The complete robot size is Fig. 1 (a) . Autonomous soccer robot [6] within 8 cm 3 . The microcontroller, three side IR sensors and the caterpillar moving mechanism make it possible to control the robot's motion with obstacle avoidance and other intelligent behaviors.
It is design in such a way that it will be useful in other applications as well. The design philosophy of commercially accessible Docile-X autonomous soccer robot (in Figure 1(a) is shown in Figure 1 (b).
Driving Design
The driving system of the mobile robot allows it to move successfully in the various tasks and therefore, must provide adequate speed, acceleration and maneuverability. Two different driving systems were considered in this work: an omnidirectional driving system and a differential driving system [11] .
The robot is modeled as a rigid body on wheels, operating on a horizontal plane. The total dimensionality of the robot chassis on the plane is three: (a) two for position in the plane, (b) one for orientation along the vertical axis -orthogonal to the plane [19] . The global reference frame is given by the inertial basis {O, XI, YI} and the robot local reference frame is given by {P, XR, YR}. The position of the P is the global reference is given by coordinate x and y, and the angular difference between the global and local frames is given by θ.
The pose and velocity is describe by respectively.
The mapping between the velocity in the global reference {O, X I , Y I } and the velocity in the robot local reference frame {P, X R , Y R } can be accomplished using orthogonal rotation matrix:
. This matrix can be used to map the motion in the frame {O, X I , Y I } to motion in the frame {P, 
State-space Model of Soccer Robot
The science of robotics is about synthesizing motion-in the environment, using a robot. To synthesize motion, we need to understand what it is (i.e. structure) and how to describe it -an overview of basic techniques for describing motion. The mobility analysis of the mobile robot can be reformulated in to statespace form. Mobile robot can move unbound with respect to its environment: a) there is no direct way to measure the robot's pose instantaneously, b) robot motion must be intregrated with time, c) leads to inaccuracies of the motion estimation due to slippage. The goal of the kinematic model of the state-space representations is to describe the behavior of the wheeled robots and for control design. The kinematic modeling is used to established the robot speed [20] , as a function of wheel velocity i , steering angle i , steering speed i and geometric parameter of the robot. The robot pose and speed in global frame:
.
The transformation R between two frames:
. The velocity in the local coordinate frame:
, where ϑ is the linear velocity and ω is the angular velocity. The transformation between two frames shown in Figure 5 .
The velocity component, Whatever type of robot, the velocity vector is restricted to belong to a distribution define as, (3) Where the columns of the matrix constitute a basis of the null space
Sensing System
There are several methods for robot to reckon its position: (1) the location of the robot in the environment; (2) the location of the objects; (3) whether the robot has the object or not. The most standard method, somewhat indirect, but a useful way is done by vision camera. Despite its usefulness of getting precise location and orientation of the objects on the field, its relatively long processing time inhibits the user from using the vision system alone.
Seven IR sensors on the three sides of the soccer robot are used for obstacle detection (in Figure 6) . The obstacles in such discrete distances as 18 (very far), 10 (far), 5 (close) can be detected by just one pair of sensors. Linguistic sensing makes it easy to realize artificial intelligence approach.
Communication
According to the soccer game rules, robot must not be wired, so RF-digital communication system is necessary. The robot uses the full duplex-mode RF-digital communication. The communication between robots facilitates performing the design objectives. Communication deadlock may happen when the amount of information increases, so communication strategy and protocol was carefully designed. Figure 7 shows the communication protocol used to command robots from the host computer through RF modem for the vision-based soccer robot system. Three bytes assigned for robot of which two bytes are used to movements in x and y directions. The third byte is used as a flag representing 'robot's velocity', 'direction', 'straight or turn', 'enable obstacle avoidance' and 'exit from current action'. Because of size limitation, the robot may not be show fully autonomous behaviors with the current technologies. The vision system [10] will be helpful to improve the performance and the intelligence of the total system. In the vision-based soccer robot system, it should have the capabilities to do some processing on strategies as well as for calculating locations of the object (i.e., ball) and the robot.
Vision-based Soccer Robot System
The vision-based soccer robot system can be considered as a system at an intermediate level between the remote-brainless and the robot-based system. In the vision-based system, the robots should have functions such as speed control, position control, obstacle avoidance and so on. The host computer processes vision data and calculates the position of the robot and the object (i.e. ball) and processes various behaviors according to strategies and sends commands to the robot using RF-modem. The robot makes his move according to these commands keeping away from obstacles. The robot has to have sensors for position control (encoders) and obstacle avoidance (IR sensors).
Basically in this soccer research, we looked at the various positions of the camera [8] . Generally, the position can be divided into: -Global vision where the camera is positioned overhead and should cover the whole environment. -Local vision, popularly known as onboard camera on the robot soccer, where the camera is positioned on the robot itself and also moved with the robot too.
The visual sensing in a soccer robot system plays an important role in acquiring visual information and recognizing it [21] . The soccer robot can detect and following the object, based on the images taken by the on-board camera. Camera must cover wide range of view. Since the robot soccer has such sensing capabilities, it can find an object by moving its camera head without moving its body. The host computer processes vision data on the position of the object (i.e. ball) and robot and forwards the same to the robot. The robot decides its own behavior autonomously using the received vision data, its own sensor data and strategies. This can be considered as a distributed control system.
Control Structure
In the soccer robot system when robot position, orientation and distance from the object (i.e. ball) are known, algorithm determines what robot should do [7] . Taking in to account, the task of the design system is necessary to determine the effectors and receptors and also determined the number of task assign to them (take into account the transmission delays and the necessary computational delays). The control system needs to define initial condition for each of behaviors along with transition function and terminal condition [18] . Two behaviors can be considered in soccer applications: a) tracking an object using the moving camera, b) detecting obstacle using sensors. 
Behaviors of the Agent
From the problem statement, it is deduced that there is only one agent in our system, i.e. the soccer robot with the given specification, which is going to perceive its environment and acts upon that environment, having an internal imperative to realize a certain task. This agent is an embodied agent, which is capable of perceiving its environment through receptors (IR sensors and EIH camera), acts upon that environment through effectors (wheels), having an internal urge (control system) to attain a certain goal ( to reach the given goal point).
The following behaviors of the agent are defined: 2 The study of the control system has been adopted from the topic 'Robot Programming Method'.
(d) Move straight (MS):
This behavior is shown by the agent when none of the other states are true. Initial conditions and terminal conditions of the agent (i.e. soccer robot) for the above behaviors are calculated from the following (in Figure 9) , are derived in the mathematical equations,
Initial conditions:
: (Ygoal = Ycurr ∩ Xgoal = Xcurr) U (command = STOP) : (Y goal < X goal ∩command = START ∩ ┐X curr ∩ ┐Y curr ∩ Y goal -Y curr ≠ 0)U(α = 0 ∩ t front =1 ∩ ┐( t right U t left )) U (┐(X goal -X curr )∩( Y goal -Y curr ≠ 0)∩ ┐( t front U t right U t left )) : (X goal < Y goal ∩command = START ∩ ┐X curr ∩ ┐Y curr ∩ X goal -X curr ≠ 0)U(α = ∩ t front =1 ∩ ┐( t right U t left )) U (┐(Y goal -Y curr )∩( X goal -X curr ≠ 0)∩ ┐( t front U t right U t left )) :
Terminal conditions:
: command = START U (X goal ≠ X curr U Y goal ≠Y curr )
: command = command = STOP U (i = N)
A Novel Image Processing Algorithm
In this section, we introduced a novel approach for image processing algorithm, which identifies the ball, wall and goal from image gathered in real time vision [8] . In many fields of robot vision applications, the camera platform may be mobile such as vehicle and airplane platform. Because of the camera movement, the images captured by the mobile platform will be changed in translation and rotation, which causes many difficulties in the applications like image displaying, image understanding and target tracking.
Therefore, detecting and compensating the global image movement is very important task.
Color-based Image Processing
An image is considered as a raw data, which we need to process by some image processing method until we get the correct information that is required. Processing the image is a very complex task [9, 10] . Fortunately, there are many computer vision libraries that simplify image processing algorithms. In this work, we used OpenCV (Open Computer Vision) packages Fig. 9 . Finite state automation of agent's behavior 3 The basic idea of emboided agent's behaviors has been studied from this paper http://staff.elka.pw.edu.pl/~czielins/hab.pdf
Fig. 10. Visual receptor transition function
for image processing to deal with it. Even though an image that is obtained in real time vision, the concept behind the process is the same in which the obtained vision is divided in to multiple frames, and each frame needs to be processed. Each frame is then considered as an image and is processed as a still image. Based on the single still image concept, each image is compared to identify the object of interest. There are many color based object detection methods, which have been researched. We choose in this work 'Y-U-V' color format.
The robustness of the object recognition for a specific color format is crucial for the robot soccer. It is impossible to use RGB color space to recognize the objects with specific color. (4) to (6) . Where i is also the index of interested objects, YM j is the mean value of component Y for object i. Yɛ i is the tolerance value of component Y for object i. The U and V components can also be determined in the following manner, ,
The color characteristics then return and the established of Y-U-V ranges directly to the color definition, Figure 10 shows accurate result, In order to obtain more accurate results in future, we are also drawing our interest on clustering methods. Clustering techniques seek to divide a set of data into groups or clusters [12] . This is also used to determine the location and size of the robots, once segmentation is completed.
Trajectory Tracking
However, when it comes to tracking an object with a soccer robot, the image processing can be done using many methods/algorithms. The most commonly used algorithms are listed below: 1) Kalman Filter, 2) CAM shift (Continuously adaptive Mean), 3) Optical Flow. The proposed soccer robot is capable of working with the above mentioned three methods. Our work adopted the Kalman filter method [14] . Introduced by Kalman back in 1960 in his famous paper titled "A new approaches to filtering and prediction problems". Kalman filter (KF) has been extensively researched especially in the area of autonomous navigation and assisted guidance, specifically in robotics. It is described as "optimal" because it considers all information that can be provided to estimate the current value of the variable of interest, by using: -Knowledge of the system and measurements' devices dynamics; -The statistical description of the system noises, measurement errors and uncertainty in the dynamics models;
-Any available information about initial conditions of the variables of interest. In the field of soccer robot, many papers have been published and it has been widely researched. Used in vision processing and localization, KF is the algorithm of choice, sometimes along with other algorithms to improve the efficiency [15] . Some of the research articles have focused on the use of KF in multi-object tracking where the process of tracking multiple moving objects was implemented successfully.
The Kalman filter works by estimating a process using feedback information. Firstly, the filter estimates the process state at time k and obtains measurement feedback. To pictorially represent the equations involved in this cycle, it can be divided into two groups: "Time update" equations and "Measurement update" equations. The "Time update" equations are for projecting the current state forward in time and the error covariance gives the a priori estimates for the next time step. The "Measurement update" equations are responsible for the feedback, e.g. for incorporating a new measurement into the a-priori estimate to obtain an improved a posterior estimate. Figure 13 shows the block diagram of a Kalman filter. A brief explanation of this figure has been given in research article [16] . Representing in a mathematical equation based on Figure 13 are as follows: nario, strategy that can be adopted: possible strategy for this scenario is first orient the agent towards the goal point and simply move in a straight line tracking the position in real time till the goal point is reached.
System equation of motion:
System observation equation:
The block diagram for Kalman filter is as in Figure 14 where the equation are given by:
The "Time Update" or predictor equation is .
The "Measurement Update" or corrector equation is .
(10)
In this manner, the robot soccer strategy can be further executed.
Decision Behaviors

Move Behavior
Move behavior consists of two operations performed sequentially, rotating and running. This is the simples scenario in which there are no obstacles in between the start point and goal point. For this sce- 5 This experiments has been tested in Jay Robotix R&D laboratory, India. 6 The diagram (in Figs. 15, 16, 17 ) of the robot is changed for better understanding of decision behaviors using sensors. 
Obstacle Avoidance Behavior
The robot has IR sensors to detect obstacles as shown in Figure 6 . The seven sensors detect obstacles in the front, right-hand or left-hand sides. In this behavior, we proposed two best scenario that can be adopted for which the control system has been designed: we placed a perpendicular wall or obstacle on the straight line (either vertical or horizontal) connecting start and goal points as shown in Figure 16 , we placed a cross wall or obstacle in the straight line connecting the start point and goal point, respectively. Strategy adopted in the scenario 1, i.e. if there is a wall or obstacle, the agent (i.e. soccer robot) has to follow the wall or obstacle in the direction of the goal until the obstacle ends and then loop the original strategy with the current point as the starting point. Strategy adopted in scenario 2, i.e. if there is a cross wall (in Figure 17) , the agent (i.e. soccer robot) has to follow the wall throughout the direction of the goal until the obstacle ends and then loop the original strategy with the current point as the starting point as same as the scenario 1.
Experiments
To experimentally measure the efficiency of the proposed algorithm, the robot has to move its predefined path in the robotic soccer environments, leaving the ball in a known location.
The methods and approaches proposed in this paper has been tested and verified in our laboratory. Note that the lightning condition was poor and inconsistent during the experiments. The experimental result described in this paper that the proposed algorithm has almost constant processing time and independently of the environments around the robot soccer. Based on the practical experiments, the conversion equation are shown in (11) and (12),
Where D p indicates the real distances of planner distances (in c.m. units) and the D i indicates the pixel distances of the omni-directional images. When the robot reaches "Pos B", it rotates itself until to direction "Dir C". The robot then moves along "Dir C" to touch the ball, and further to push the ball toward to the goal target. Figure 14 shows the position of subgoal, ball and goal target become collinear. The accuracy was determined as the difference between the estimated values and the ones measured on the field, using pre-depend spots whose location is well known (e.g. the corner of the goal area). The precision (i.e. the difference between the measured value and the measurements average value for the same location) results are similar, and visual inspection made the average values seem trustable.
The experimental result also shows the graphics of the vision fusion of ball and the robot soccer distance measure respectively are shown in Figure 15 .
In-addition color-based object detection, tracking and target following using our proposed method were also verified and tested in our laboratory.
Conclusion and Future Work
This paper addressed a real-time soccer robot for dynamically changing enviroments. Which is tested on images taken from local vision based on the soccer robot. The proposed algorithm was designed in a well structured manner and implemented succesfully for an omnidirectional soccer robot. In the soccer robot environments, promising results were obtained concerning posture accuracy and method robustness to image noise and distortion. The proposed method robustness meets the problem specification. We proposed both efficient color based object detection and tracking using Kalman filter to meet our goal.
In order to evaluate this robotic system, we investigated how fast image processing can be realized on this system and how control system can be performed. Now, we use this vision-based autonomous mobile robot as a standard platform for soccer robot research. To this end, it might be possible to use clustering technique recognition method for computing optimal and robust result. Moreover, applications of the suggested approach for multi-agent planning will be investigated.
